Cu nanocrystals ͑NCs͒ were produced by multiple high-energy ion implantations into 5-m-thick amorphous silica ͑SiO 2 ͒ at liquid-nitrogen temperature. The Cu-rich SiO 2 films were subsequently annealed to reduce irradiation-induced damage and promote NC formation. The NC size distribution and structure were studied utilizing a combination of Rutherford backscattering spectroscopy, x-ray diffraction, cross-sectional transmission electron microscopy, and extended x-ray-absorption fine-structure ͑EXAFS͒ spectroscopy. We present results derived from all four techniques, focussing on EXAFS measurements to study the local atomic structure surrounding Cu atoms, and comparing NC samples with bulk standards. Using a unique sample preparation method, we drastically improve the signal-to-noise ratio to extract high-quality EXAFS data to enable the determination of a non-Gaussian bond length distribution via the third-order cumulant. We quantify subtle concentration-and annealing-temperature-dependent changes in the Cu NC short-range order and relate such changes to NC size. Relative to a bulk Cu standard, enhanced structural disorder is observed in addition to both a suppressed coordination number and bond length contraction. Deviations from bulklike structure increase as the NC size decreases. Samples of low Cu concentration and/or low annealing temperature contain a significant fraction of Cu oxides, as either oxidized NCs or Cu bonding to O in the SiO 2 matrix. EXAFS and x-ray-absorption near-edge structure analyses demonstrate Cu in an oxidized form exhibits an oxidation state and local coordination similar to crystalline Cu 2 O albeit in a disordered form.
I. INTRODUCTION
Nanocrystals ͑NCs͒ have recently emerged as promising candidates for optoelectronic devices. The characteristic properties of NCs result from their finite dimensions and enhanced surface-area-to-volume ratio and thus vary as functions of NC size. Metallic NCs are commonly studied for their nonlinear optical properties. 1 Meldrum et al. have reviewed recent developments and future opportunities for NCs with a focus on the application of ion implantation to embed such materials in a crystalline or amorphous host. 1 One of the principal concerns with this technique is the resulting broad NC size distribution. Low concentration, multiple-energy implants may reduce the full width half maximum ͑FWHM͒ of the size distribution relative to a single-energy implant. 2 Liu et al. pointed out the advantages for metallic NCs in memory device design and fabrication, as compared to their semiconductor NC counterparts. 3 It is thus of great importance to examine a range of metallic NCs of various sizes to determine their fundamental properties, such as crystal phase, interatomic distance distribution, and structural disorder. X-ray-absorption spectroscopy ͑XAS͒ has emerged as an invaluable tool for determining both atomic and electronic structure by extended x-ray-absorption fine-structure ͑EXAFS͒ and x-ray-absorption near-edge structure ͑XANES͒ analyses, respectively. 4 For example, we have previously utilized EXAFS to measure the short-to medium-range order in both Au 5 and Ge NCs, 6 while XANES has been used to determine the oxidation states of Cu in Cu NC samples. 7 In the present report, Cu NCs were synthesized in amorphous silica ͑SiO 2 ͒ by high-energy ion implantation and subsequent thermal annealing. Others have previously used EXAFS to study Cu NCs embedded in SiO 2 , 7, 8 in other hosts 9, 10 and in an unsupported form. 11 Due to the finite size of NCs and their under-coordinated surface atoms, the average coordination number ͑CN͒, measured by EXAFS, is suppressed compared to that of a bulk standard. Figure 1 includes a theoretical plot ͑solid line͒ of the average CN for the first-nearest neighbor as a function of NC size assuming a face-centered-cubic ͑fcc͒ Cu structure. 12 We note that CN Ͻ 11 is only expected for NC diameters Ͻ5 nm. Similarly, a͒ Author to whom correspondence should be addressed; electronic mail: bej109@rsphysse.anu.edu.au theoretical variations in interatomic distances calculated for fcc Cu NCs are negligible for diameters Ͼ5 nm. 9 Experimentally, relatively large unsupported Cu NCs ͑10-20 nm in diameter͒ have been reported to retain the Cu-Cu bond length and show a marginal reduction in CN 11 relative to bulk standards. The presence of a supporting matrix and NC surface atoms bonding to this material may enhance disorder to yield structural deviations in NCs of diameters exceeding 5 nm. For example, polyethylene-supported Cu NCs ͑13-17 nm͒ exhibit a reduced bond length, 10 while SiO 2 supported Cu NCs of significantly smaller diameters ͑3.8-7.8 nm͒ reportedly retain the bulk bond length, while the CN is suppressed 7 to a greater extent than expected theoretically ͑according to Fig. 1͒ . The latter observation was attributed to the presence of an oxidized phase. Cu clusters ͑0.7-1.5 nm͒ embedded in solid argon were reported with significantly reduced bond length and CN. 9 The present report seeks a better understanding of the influence of the processing parameters on the structure of Cu NCs. Both the implantation-dose and annealing-temperature dependence of Cu NC formation utilizing ion-beam synthesis will be presented. Deviations in CN and bond length are measured and attributed to either the presence of an oxidized phase or structural disorder. Previous reports of EXAFS measurements on Cu NCs have typically been limited to a photoelectron wave vector ͑k͒ maximum of ϳ12 Å −1 , yielding bond length estimations to ±0.01 Å. 7 Here we extend the k range to 18 Å −1 , which improves the structural parameter resolution and enables analysis of the third cumulant 13 ͑C 3 ͒ or equivalently, the asymmetric deviation from a Gaussian interatomic bond length distribution.
II. EXPERIMENT
SiO 2 layers of thickness 5 m were grown by wet thermal oxidation of Si ͑100͒ substrates. Samples were then implanted at a range of energies with 63 Cu ions ͑as listed in Table I͒ to yield a near-constant Cu concentration and reduce the FWHM of the NC size distribution. Implantations were carried out at liquid-nitrogen ͑LN 2 ͒ temperature in a vacuum of Ͻ10 −7 Torr using a National Electrostatics Corporation 5 SDH-4 1.7-MV tandem ion implanter. To minimize sample heating during implantation, the dose rate was maintained at power levels Ͻ1 W/cm 2 . The mean Cu concentration ranged from 0.3 to 8.6 at. %.
Samples were implanted to a Cu concentration in excess of the solubility limit in SiO 2 ͑Ͻ10 12 /cm 3 at room temperature 14 ͒. Shown in Fig. 2 are the implantation profiles as calculated with the TRIM code. 15 Following implantation, samples were annealed in flowing forming gas ͑5%H 2 +95%N 2 ͒ for 1 h at temperatures of 500, 800, and 1100°C to induce Cu precipitation and NC growth. 16 Rutherford backscattering spectroscopy ͑RBS͒ was performed with 4.2-MeV He 2+ ions and a surface-barrier detector oriented at a scattering angle of 168°. This enabled investigation of the implantation profile to a depth of ϳ2 m to probe the Cu concentration before and after thermal annealing. Conventional x-ray diffraction ͑XRD͒ was used to iden- tify the structural phase of the NC samples and bulk standards. Measurements were performed using Co K␣ 1 radiation with a wavelength of 1.788 970 Å with the sample surface oriented at a glancing incident angle of 2°with respect to the x-ray beam. Cross-sectional transmission electron microscopy ͑XTEM͒ analysis was performed using a Philips CM300 microscope operating at 300 kV to enable quantitative examination of the NC size and depth distributions. EXAFS spectroscopy was utilized to determine the bond length, CN, Debye-Waller ͑D-W͒ factor, and C 3 of the interatomic depth distribution as functions of the implantation dose and annealing temperature. Measurements were performed at beamline 20-B of the Photon Factory, Japan, in fluorescence mode, at the Cu K edge ͑8.979 keV͒ at 15 K to minimize thermal disorder. Spectra were recorded with a multielement solid-state Ge detector with the Si ͑111͒ monochromator detuned by 50% for harmonic rejection. Prior to EXAFS measurements, the Si substrate below the implanted SiO 2 film was removed using a combination of mechanical grinding and selective chemical etching ͑KOH in H 2 O͒. The Cu-rich films of thickness 5 m were then stacked together for subsequent EXAFS analysis. This sample preparation method has been developed in our laboratory and has previously proven to dramatically improve the signal-to-noise ratio, 17 resulting from the increase in the absorbing element and elimination of scattering from the substrate. Fluorescence spectra were recorded to k =18 Å −1 for the NC samples and bulk Cu ͑polycrystalline with grain size ϳ300 nm͒, CuO, and Cu 2 O standards. The Cu areal density of all standards was diluted to the value for the Cu NC samples to inhibit self-absorption and deadtime effects. For both crystalline and nanocrystalline samples, the Cu K-edge fluorescence signal was comprised of between 30%-60% of the incoming count rate, the latter maintained at ϳ60 000 counts/ s ͑or equivalently within the linear counting regime with a shaping time of 0.5 s͒.
EXAFS data processing and analysis were performed by the standard methods. 18 Following the removal of both the pre-and postedge background by spline polynomial approximations, 19 the normalized EXAFS was Fourier transformed ͑FT͒ over a k-range of 4 -17 Å −1 . The first-nearestneighbor coordination shell was then isolated by inverse transforming over a non-phase-corrected radial distance range of 1.62-2.88 Å. Structural parameters were determined for the first-nearest-neighbor by nonlinear leastsquares fitting using IFEFFIT. 20 Phases and backscattering amplitudes were calculated ab initio with the FEFF8.0 code. 21 The amplitude reduction factor ͑S o 2 ͒ and threshold energy ͑E o ͒ were determined from the bulk Cu standard and were held constant for the analysis of the NC samples. Error analysis follows the latest recommendations by the International XAFS Society. 22 The reported errors are the fitting errors, i.e., the simulated spectra compared with the transformed raw EXAFS.
III. RESULTS AND DISCUSSION
A. RBS, XRD, and XTEM Figure 3 shows the RBS spectra for 1.0 at. % Cu NC samples as a function of annealing temperature. Comparing the as-implanted and 500°C sample, no redistribution of Cu was apparent ͑at depths 0 -2 m͒, and the depth profiles are consistent with those simulated by TRIM ͑c.f. Fig. 2͒ . At higher temperatures, loss of Cu can be inferred. At 800°C a prominent Cu peak is observed at or near the SiO 2 surface, while at 1100°C loss of Cu is apparent throughout the implanted depth. The same trend was observed in 0.3 at. % Cu NC samples ͑with a complete loss of Cu at 1100°C͒, while negligible loss was observed in 3.2 and 8.6 at. % Cu NC samples at any annealing temperature. The loss of Cu is attributed to evaporation and/or diffusion beyond the SiO 2 /Si interface ͑we note that Cu is extremely mobile in SiO 2 with a diffusivity of ϳ50 m 2 / s at 730°C in forming gas. 14 ͒ Similar observations have been reported by Umeda et al. 23 and Nakao et al. 24 Our results indicate that radiationenhanced diffusion plays a major role in the nucleation and early growth stage of Cu NCs. Samples containing high Cu concentrations already contain a large number of Cu NCs prior to annealing ͑as apparent from XTEM results discussed below͒. Upon annealing, large Cu NCs grow at the expense of small Cu NCs and Cu atoms dissolved in the SiO 2 matrix. On the other hand, in samples containing low Cu concentrations, there are fewer precipitation sites after implantation, and, upon annealing, the dissolved Cu atoms may diffuse out of, or evaporate from, the matrix. Figure 4 shows the XRD spectra for 3.2 at. % Cu NC samples as a function of annealing temperature, including as a reference the spectrum for the bulk Cu standard ͑scaled for comparison͒. With increasing annealing temperature we observe diffraction peaks emerging at diffraction angles of 50.7°and 59.3°͑the latter not shown͒, corresponding to the ͑111͒ and ͑200͒ crystallographic planes, respectively, in fcc Cu. This trend is representative for all concentrations. Moreover, peak broadening decreased with increasing concentration and annealing temperature. The peak broadening reflects finite-size effects and/or disorder ͑quantified by EXAFS measurements below͒ in the NC material. The average NC size can be approximated from the peak width. The FWHM of the most prominent NC diffraction peaks was deconvoluted with that of the standard to isolate the size-related broadening. The Sherrer formula was then applied to estimate the average NC diameter D:
where is the radiation wavelength, W the deconvoluted FWHM, and the Bragg angle. 25 Results from the analysis performed using the ͑111͒ peak are listed in Table II . The trend indicates an increase in NC size and/or a decrease in disorder with an increase in both concentration and annealing temperature. The XTEM and EXAFS measurements described below show that both factors are operative.
Figures 5͑a͒ and 5͑b͒ show representative highresolution XTEM micrographs of 8.6 at. % Cu NC samples ͑a͒ as-implanted and ͑b͒ annealed at 1100°C. XTEM micrographs provided both qualitative and quantitative information of NC formation and shape. The NCs were spherical in shape and single crystalline for all concentrations. Electron diffraction ͑not shown͒ confirmed the fcc structure, consistent with XRD results. Figs. 5͑c͒ and 5͑d͒ show the corresponding size distributions evaluated from the micrographs covering the extent of the implantation range. Average NC diameters were calculated by averaging over the NC volume through cubic weighting of the extracted NC diameters. This allows for direct comparison with the EXAFS measure- Figure 6 displays k 3 -weighted EXAFS spectra as a function of annealing temperature comparing the 1.0 at. % Cu NC samples with the bulk Cu standard. These results offer significantly improved statistics compared to previous reports. 7, 8 In general, the EXAFS amplitude increases with increasing annealing temperature, consistent with NC formation and growth. This trend was also observed for other concentrations though for the 8.6 at. % Cu NC samples, the variation was minimal relative to the bulk Cu standard. Figure 7 shows the Fourier transforms ͑FTs͒ corresponding to the spectra in Fig.  6 as a function of annealing temperature. The first-, second-, third-, and fourth-nearest-neighbor shells of Cu are observed at radial distances of ϳ2.5, 3.6, 4.3, and 5.0 Å, respectively. The reduced amplitudes of the peaks, as compared to the bulk Cu standard, suggest an increasing CN and/or decreasing structural disorder with increasing annealing temperature. As discussed previously, these results are consistent with annealing-temperature-dependent NC nucleation and growth. The same trend was observed for the remaining concentrations as functions of annealing temperature, again with the exception of 8.6 at. % samples. Moreover, a concentration dependence was observed with an increase in amplitude with increasing concentration. Any contributions to the FT, above noise level, between the Cu absorber and first-nearest-neighbor Cu scatterers, arise from atoms bonding to Cu with a shorter bond length, typically O. Such contributions are apparent for the asimplanted and 500°C samples in Fig. 7 ͑inset͒, at a radial distance between ϳ1 -2 Å, where the Cu-O contribution is appreciable compared to the Cu-Cu signal. In general, samples of low concentration and/or low annealing temperature exhibited a significant Cu-O scattering contribution. Such samples thus contain Cu oxides ͑e.g., CuO or Cu 2 O͒ and/or partially oxidized Cu NCs. Figure 8 compares the XANES spectra of bulk Cu, CuO, and Cu 2 O standards with a selection of Cu NC samples. The Cu K edge of CuO exhibits a chemical shift to higher energy, 27 while Cu 2 O has a prominent preedge feature and negligible edge shift. Note that the XANES of, e.g., 0.3 and 1.0 at. % Cu NC as-implanted samples are comparable to the Cu 2 O spectrum, in contrast with that of CuO. We infer from XANES that Cu atoms dissolved in the matrix and/or partially oxidized NCs, prefer a square coordination of O atoms in the first shell ͑as in Cu 2 O͒. This agrees with previous reports by, e.g., Maurizio et al. 28 Furthermore, bulk Cu has been found to primarily form Cu 2 O when exposed to atomic O. 29 In summary, XANES measurements demonstrated that both as-implanted samples ͑0.3, 1.0, and 3.2 at. %͒ and samples annealed at 500°C ͑0.3 and 1.0 at. %͒ contained a significant fraction of oxidized Cu atoms with an oxidation state similar to that in crystalline Cu 2 O.
B. EXAFS spectra, Fourier transforms, and XANES

C. First-nearest-neighbor analysis of Cu-Cu and Cu-O bonding
Structural parameters, including the CN, bond length, D-W factor, and C 3 , were extracted by isolating the firstnearest-neighbor Cu shell and inverse Fourier transforming over a non-phase-corrected radial distance in the range of 2 ͒ and the shift in the threshold energy for the removal of a core electron ͑E 0 ͒ were determined from the bulk Cu-oxide standards ͑CuO and Cu 2 O͒. S 0 2 and E 0 for the nanocrystalline samples were found to be similar to those for the Cu 2 O standard, and were consequently fixed to the values for the latter. This result is consistent with the XANES analysis presented above, which indicated that oxidized Cu was present with similar oxidation state and local coordination as that of Cu 2 O. Nonetheless, the increase in D-W factor indicated that oxidized Cu was present in a more disordered form than crystalline Cu 2 O.
In the presence of two environments ͑Cu-Cu and Cu-O͒ the measured Cu-Cu and Cu-O CN is necessarily reduced. In Table V , a partial Cu-O CN of ϳ2 was measured in three samples, indicating that a Cu-O environment was dominant as consistent with the lack of Cu-Cu scattering ͑Table IV͒. For the remaining two samples listed in Table V ͑3.2 at. %, as implanted and 1.0 at. %, 500°C͒, a partial Cu-O CN of ϳ1 is reported. Assuming the Cu shell ͑as measured by Cu-Cu analysis͒ is due to the nonoxidized phase, the value for the Cu CN reported in Table IV for these two samples should be increased by ϳ2. Similarly, the Cu CN for 3.2 at. % annealed at 500°C is potentially higher than reported in Table IV , which will be discussed below in relation to the theoretical CN. With a more appropriate Cu silicate standard, XANES analysis could be further utilized to quantify the fractions in oxidized and metallic forms.
Apparent from Tables IV and V, and as expected, the O CN decreases with increasing Cu concentration and annealing temperature, while a concurrent increase in the Cu CN is measured. The O CN decreases to insignificant values as the Cu CN increases beyond four indicating an increasing average NC diameter and/or a decreasing fraction of Cu dissolved in the matrix.
D. Discussion of the extracted structural parameters
The Cu-Cu analysis summarized in Table IV reveals a concentration-and annealing-temperature dependence in all structural parameters, as observed qualitatively in the FT spectra of Fig. 7 . In general, both suppressed CN and decreased bond length is apparent ͑the latter reduced by up to ϳ1%͒, together with an increased D-W factor and negative C 3 term. Figures 9͑a͒-9͑d͒ shows the concentration-and annealing-temperature dependence of all four parameters. We note that for all samples annealed at 1100°C, these parameters are comparable to those of the bulk Cu standard. The decrease in the average CN is a result of a significantly lower coordination state of the surface atoms and the presence of Cu oxides, 7 while the increase in the D-W factor is consistent with surface relaxation and/or bonding distortions. The negative C 3 observed in all nanocrystalline samples, indicates that the bond length distribution is skewed towards shorter bond lengths. For those samples where the NC size was measured ͑c.f. Tables II and III͒ , results have been superimposed onto the theoretical curve for the size-dependent CN in Fig. 1 . We observe deviation from theory for the 3.2 at. % Cu NC sample annealed at 500°C, most likely due to the presence of some Cu in an oxidized phase, which, as discussed above, artificially lowers the measured CN.
The relative influences of the concentration-and annealing-temperature-dependent parameters are most apparent in the radial distribution function ͑RDF͒. The RDFs were reconstructed from the first three cumulants 30 of the interatomic distance distribution following the method of Dalba and Fornasini 31 and using a photoelectron mean free path of 6 Å. Figure 10 compares the reconstructed RDFs for the first-nearest-neighbor shell in nanocrystalline samples ͑an-nealed at 800°C͒ to that of the bulk Cu standard. We note that with decreasing dose, or alternatively decreasing NC size, the distribution becomes increasingly asymmetric and signifies the increasing importance of the under-coordinated surface atoms. Figure 11 shows the plots of ͑a͒ bond length and ͑b͒ D-W factor as function of the NC diameter, the latter determined by XRD and XTEM analyses ͑c.f. 
where K is the bulk compressibility, R b is the bulk Cu bond length, and D is the NC diameter. Previously, utilizing the above relation in conjunction with the measured structural parameters, the surface tension of Au NCs embedded in SiO 2 has been estimated to ␥ Au = 3.6± 0.8 J / m 2 , 5 which is larger than that of bulk Au ͑1.7-2.0 J / m 2 ͒. 33 Following the same procedure, while using a bulk Cu compressibility of 7.1 ϫ 10 −3 GPa −1 , 34 we find the surface tension of nanocrystalline Cu to be ␥ Cu ϳ 7±2 J/m 2 , which exceeds that of the bulk phase ͑ϳ1.0-1.5 J / m 2 ͒ at temperatures just above the melting point for Cu. 35 We note that both the surface tension of Cu and Au NCs are larger than that of their respective bulk counterparts, which we attribute to the increased surface-area-to-volume ratio in nanocrystalline material. Furthermore we note that ␥ Cu Ͼ ␥ Au , indicative of a greater bond length contraction in Cu NCs.
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IV. CONCLUSIONS
In summary, this report has investigated the concentration-and annealing-temperature-dependent structure of Cu NCs formed in SiO 2 by high-energy ion-beam synthesis. In general, Cu is a sufficiently fast diffuser in SiO 2 to facilitate NC formation during annealing. The NCs were of spherical shape and single crystalline, retaining the bulk fcc phase. For a sufficiently high Cu concentration ͑e.g., 8.6 at. % Cu͒ NCs are formed in the as-implanted stage, while for the lowest concentration ͑0.3 at. % Cu͒ a loss of material is observed after annealing at high temperatures ͑800 and 1100°C/h͒.
Cu was found in an oxidized state at low annealing temperatures and low concentrations ͑c.f. Table IV͒ . XANES spectra showed that the oxidized Cu prefer a square coordination of O atoms in the first shell ͑as in Cu 2 O͒. NCs were in general found to exhibit a suppressed CN, due to the increased surface-area-to-volume ratio, together with a decreased bond length, increased structural disorder, and a negative C 3 . This is attributed to atoms at the NC surface being under coordinated and with a reconstructed or distorted configuration.
All structural parameters were both concentration and annealing temperature dependent. Increasing concentration and annealing temperature resulted in a decrease in structural disorder ͑both Gaussian and non-Gaussian͒, with increasing CN and bond length. Samples annealed at 1100°C ͑ϳ14 nm diameter͒ retained structural parameters consistent with those of the bulk Cu standard ͑except 0.3 at. % due to Cu evaporation͒.
The surface tension of Cu NCs was estimated to be larger than that of macroscopic liquid Cu droplets, attributed to the increased surface-area-to-volume ratio in nanocrystalline material. Furthermore, the surface tension of nanocrystalline Cu was found to be greater than that of nanocrystalline Au ͑also prepared by ion-beam synthesis and thermal annealing͒, reflecting a greater relative bond length contraction in Cu NCs. 
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